The neurodegenerative effects of Parkinson's disease (PD) are marked by a selective loss of dopaminergic (DA) neurons. Epidemiological studies suggest that chronic exposure to the pesticide paraquat may increase the risk for PD and DA cell loss. However, combined exposure with additional fungicide(s) including maneb and/or ziram may be required for pathogenesis. To explore potential pathogenic mechanisms, we have developed a Drosophila model of chronic paraquat exposure. We find that while chronic paraquat exposure alone decreased organismal survival and motor function, combined chronic exposure to both paraquat and maneb was required for DA cell death in the fly. To initiate mechanistic studies of this interaction, we used additional genetic reagents to target the ubiquitin proteasome system, implicated in some rare familial forms of PD and the toxic effects of ziram. Genetic inhibition of E1 ubiquitin ligase, but not the proteasome itself, increased DA cell death in combination with maneb but not paraquat. These studies establish a model for long-term exposure to multiple pesticides, and support the idea that pesticide interactions relevant to PD may involve inhibition of protein ubiquitination. 
Introduction
The hallmark of Parkinson's disease (PD) is the progressive loss of dopaminergic (DA) neurons in the substantia nigra. Rare, familial forms of PD indicate a pathogenic role for disruption of the ubiquitin proteasome system (UPS) and mitochondrion (Lee et al., 2010 , Olanow et al., 2006 . However, the precise contribution of these pathways to sporadic PD remains unclear. Epidemiological studies demonstrate an increased risk for PD with chronic exposure to specific pesticides, and suggest additive and potentially synergistic effects between the herbicide paraquat and the fungicides maneb and ziram (Costello et al., 2009 , Wang et al., 2011 . Similarly, rodent models demonstrate that the combined effects of paraquat and maneb exceed that of each toxin alone (Srivastava et al., 2012 , Thiruchelvam, 2000 , but the mechanisms underlying these interactions are not known. We are using the model organism Drosophila melanogaster to investigate this question, as well as other pharmacologic and genetic interactions potentially relevant to sporadic PD (Lawal et al., 2010 , Lawal et al., 2014 .
Current Drosophila models of combined pesticide exposure are limited and the combined effects of paraquat plus maneb in the fly are not known. Furthermore, existing models of paraquat administration in Drosophila are acute in nature and cause DA cell death within hours to days (Bonilla et al., 2002 , Chaudhuri et al., 2007 , Hosamani et al., 2013 . Similarly, rodent models of paraquat exposure are relatively acute, and generally conducted over the course of several weeks, a relatively small fraction of the rodent's lifetime (Liou et al., 1996 , McCormack et al., 2002 . Thus, neither current fly nor rodent models replicate the chronic time course of exposure seen in many patient populations (Costello et al., 2009) . Moreover, most if not all Drosophila studies of acute paraquat exposure have utilized sucrose as a vehicle (Chaudhuri et al., 2007 , Humphreys et al., 1993 , Legan et al., 2008 , which may increase both oxidative stress and mortality in the fly (Rzezniczak et al., 2011) .
One potential target of pesticides associated with increased risk for PD is the proteasome and the UPS (Ebrahimi-Fakhari et al., 2012 , Wang et al., 2006 . However, the effects of proteasome inhibition on DA cell death remain poorly understood (Kordower et al., 2006 , Matsui et al., 2010 , McNaught et al., 2004 , Shin et al., 2011 . Furthermore, ubiquitin regulates many cellular processes other than proteasomal degradation, including endocytosis, axon guidance, and synaptic strength (Hamilton et al., 2013 , Schmidt et al., 2014 . Other pesticide targets potentially relevant to PD include pathways that regulate oxidative stress (e.g. mitochondrial complex III; (Zhang et al., 2003) ). Ziram and several other pesticides also inhibit aldehyde dehydrogenase (ALDH), a mitochondrial enzyme that degrades oxidative metabolites of DA and other toxic species (Doorn et al., 2014 , Wey et al., 2012 ).
It is not clear which of these mechanisms may contribute to the toxic effects of specific pesticides in DA neurons and how they may interact (Thrash et al., 2007 , Wang et al., 2011 . One potential strategy to address these questions is to genetically "mimic" proposed mechanisms of action and determine if this activity is toxic to DA cells. The genetic tools available in Drosophila are particularly useful for this approach. We show here that chronic exposure to maneb plus paraquat, but neither toxin alone, cause DA cell death in the fly and that these effects are only observed in extensively aged flies. Additional experiments using genetic mimics suggest a possible interaction between maneb and inhibition of protein ubiquitination, a mechanism of action previously proposed for ziram (Chou et al., 2008) .
Materials and Methods

Drosophila strains and maintenance
Drosophila strains were maintained on standard molasses agar media at 25°C with a 12-hour light/dark cycle. Male flies, 2-4 days post-eclosion were used for all experiments. Transgenic UAS lines expressing the "degron" CL1 (Pandey et al., 2007) and the dominant negative proteasomal subunits Pros26 and Prosβ2 (Belote et al., 2002) were gifts of Paul Taylor (U. Penn) and John Belote (Syracuse U.), respectively. F 1 progeny derived from genetically crossed Ddc-GAL4 and UAS-Pros26; UAS-Prosβ2 homozygous lines were used for proteasome inhibition experiments. Flies containing a null mutation in the Drosophila Aldh gene generated by imprecise P element excision (Aldh 24 , (Fry et al., 2006) ) were a gift from James Fry (U. Rochester). To ensure that previously reported effects of Aldh 24 were not due to spurious mutations, Aldh 24 was outcrossed for ten generations into a Canton S. wild type genetic background (Simon, 2003) . To follow the recessive null allele, PCR was used to amplify a region of the Aldh gene as defined by the primers aldh-a (also used in (Fry et al., 2006) ) gttcttctga cagcacttgt and aldh-31b tcaattaaat cgaacgaacg c.
To generate transgenes expressing RNAi directed against E1 ligase (uba1), a 725 bp fragment was excised from a uba1 cDNA (gh24511, Drosophila Genomics Resource Center, Indiana) via digestion with Sal I, and inserted into the intermediate vector Madison WI) . This construct was digested with EcoRI -NotI and the fragment representing uba1 inserted into the symmetrically transcribed RNAi vector sympUAST (Giordano et al., 2002) for injection into Drosophila embryos (Bestgene Chino Hills, CA).
In vivo assay of proteasome inhibition
Wandering 3 rd instar larva of the genotype Ddc-GAL4/UAS-GFP-CL1 and Ddc-GAL4/UAS-GFP-CL1;UAS-E1-RNAi/+ were dissected in PBS and fixed for 40 minutes in a 4% paraformaldehyde solution. The supraesophageal ganglion (the brain) and ventral nerve cord were then mounted on glass slides using Aquamount (PolySciences, Warrington, PA) and visualized using a Zeiss Pascal LSM 5 confocal microscope with a 40x/0.75 EC PlanNeofluar objective. Z-stack projections of the entire brain and ventral nerve cord were collected and used to count GFP-positive cells.
Toxin administration
Stock solutions of paraquat (400 mM) (Sigma Aldrich, St. Louis, MO) were made in distilled water. Maneb (100mM) and ziram (200mM) (Chem Services, West Chester, PA) were solubilized in DMSO; all stocks were aliquoted, stored at −20°C and discarded after one freeze-thaw cycle. Stock solutions of toxins were mixed into molten molasses-agar media under a fume hood at the indicated final concentrations, and used within one week. DMSO was added to food containing paraquat so that all treatment groups were exposed to 1% DMSO in the media.
Survival
Flies were cultured in standard food containing the indicated concentration of toxin(s) and passed onto a fresh food + toxin mixture every 2-3 days for 60 days. Experiments were initiated with 40 flies/vial (n=6 vials/condition) and deaths were recorded at each passage.
Negative geotaxis
Drosophila motor function was assessed using a climbing (negative geotaxis) assay (Benzer, 1967) . Drosophila were passed onto fresh media (with toxin(s)) at 24 hours and 2 hours prior to the assay and climbing was assessed in the dark to eliminate phototactic effects. Six vials with 30-40 flies each were assessed per treatment group. For each assay, flies were loaded into 0.7 x 10 cm vials affixed to a standard countercurrent apparatus (Benzer, 1967) . After one-minute acclimation to the dark, the apparatus was tapped on the benchtop and the flies allowed 15 sec to climb from the bottom vial to the top vial. The performance index (PI) for climbing was calculated as the percentage of flies that climbed to the top vial within 15 seconds. Climbing ability was quantified and graphed as a performance index (PI), where PI represents [(Flies at the top vial after 15 sec./total number of flies in bottom+top vials)*100].
Immunolabeling and DA cell counts
Adult Drosophila brains were fixed in 4% paraformaldehyde then probed with mouse antityrosine hydroxylase primary antibody (Immunostar, Hudson, WI) and a secondary goat anti-mouse Alexa 555 antibody (Molecular Probes, Grand Island, NY) as described previously (Lawal et al., 2010) . DA neurons of the PPL1 cluster (Coulom et al., 2004 , Lawal et al., 2010 
Results
Paraquat and paraquat plus maneb exposures result in impaired survival and motor deficits
To assess possible dosage regimens for the chronic application of paraquat, we quantified survival of adult male Drosophila exposed to 0, 4, 6, or 8 mM paraquat in standard molasses cornmeal agar media for four weeks (Figure 1a) . Survival was significantly lower in all paraquat treated groups (log rank test, Bonferroni correction for multiple comparisons; p < 0.01) and after four weeks of exposure was 80%, 36%, 0% and 0% at each dose, respectively. Since 4 mM represented the highest tested dose of paraquat that allowed for survival of extensively aged flies, we used this dose for subsequent experiments. The maximum lifespan of a fly under standard culture conditions is 50-80 days with progressive defects in behavioral performance beginning at 10-14 days (Grotewiel et al., 2005 , Simon et al., 2006 . We estimate that chronic exposure over 4 weeks in the fly is comparable to exposure of rodents for 12 to 18 months or human patients for several decades, through the end of middle age. "Old age" in flies aged may be considered ≥ 5-6 weeks (Grotewiel et al., 2005) .
To initially assess the potential effects of combined chronic exposure to both paraquat and maneb exposure, we first tested survival. Over the course of 8 weeks (60 days), survival of adult male flies was reduced by paraquat or paraquat + maneb compared to maneb alone or vehicle (DMSO) (log-rank test, Bonferroni correction for multiple comparisons; p < 0.001, Figure 1b ). Maneb exposure alone showed a modest increase in lifespan compared to vehicle alone (log-rank test, Bonferroni correction for multiple comparisons; p < 0.001).
To test motor function in flies exposed to paraquat and/or maneb we used a well-described negative geotaxis (climbing) assay (Benzer, 1967) . No affects on motor function were observed after either 24 or 96 hours of pesticide exposure (data not shown). However, after one-week, both the paraquat and paraquat + maneb treated groups exhibited significantly impaired climbing ability ( Figure 1c ; one-way ANOVA, post-hoc Bonferroni, p < 0.05).
Combined chronic exposure to paraquat and maneb results in dopaminergic cell loss
We assessed DA cell loss in Drosophila exposed to pesticides by counting DA neurons in the PPL1 cluster as described (Coulom et al., 2004 , Lawal et al., 2010 (Figure 2a-f) . DA cell loss was not detected after four weeks exposure to paraquat, maneb, or both, compared to vehicle alone (Figure 2d ). By contrast, we observed significant loss of DA neurons at six weeks in flies treated with paraquat + maneb, but neither paraquat nor maneb individually (Figure 2e , one-way ANOVA, post-hoc Bonferroni, p < 0.05). We have previously tested the effects of ziram in Drosophila and failed to detect any significant decrease in survival in flies with chronic exposure (Lawal et al., 2010) . Similarly, we report here that ziram did not potentiate the loss of DA cells caused by exposure to paraquat or maneb (Figure 2f ).
Inhibition of E1 ligase alters maneb's toxicity but not that of paraquat
We hypothesized that ziram's inability to elicit an effect could be due to toxicokinetic restrictions such as limited adsorption or distribution. Although parenteral administration might be feasible, we speculated that a genetic approach also might be useful to circumvent these issues. Our strategy was to mimic the mechanisms of action that have been suggested to be responsible for ziram's neurotoxic effects based on of studies in mammalian systems (Chou et al., 2008 , Fitzmaurice et al., 2014 . In particular, inhibition of ubiquitin E1 ligase by ziram has been proposed to kill mammalian DA cells in vitro (Chou et al., 2008) . In addition, inhibition of E1 ligase could be the mechanism underlying ziram's proposed synergy with paraquat and/or maneb in human populations exposed to all three pesticides (Wang et al., 2011) . To genetically inhibit E1 ligase and thereby mimic one of the proposed neurotoxic activities of ziram we developed an RNAi construct to knockdown expression of the Drosophila ortholog of E1 ligase.
To first validate the in vivo biological effects of E1 RNAi expression, we used a previously characterized transgene expressing a GFP labeled proteasome substrate or "degron" (UAS-CL1) (Pandey et al., 2007) . The E1 RNAi and degron transgenes were co-expressed in DA and 5HT cells using the Ddc-GAL4 driver (Li et al., 2000) . The use of this driver allowed visualization of a discrete number of stereotypically positioned cells (Figure 3a-d) . The number of labeled cells in larva co-expressing E1 RNAi was increased two-fold compared to those expressing the degron alone (Figure 3e ). These data support the idea that E1 RNAi construct reduced ubiquitination and the subsequent degradation of the GFP marker via proteasomal degradation.
Flies expressing UAS-E1 RNAi using either Ddc-GAL4 or TH-GAL4 die as pupae (not shown). Therefore, to investigate the potential neurotoxic effects of E1 knock down in adults, we tested additional drivers including elav-GAL4 (Robinow et al., 1991) . Pan neuronal expression of E1 RNA using elav-GAL4 allowed survival through adulthood but showed a decreased life span with minimal survival after four weeks (not shown).
To test the potential interaction of E1 knockdown with additional pesticides, we exposed flies expressing UAS-E1 RNAi with elav-Gal4 to paraquat, maneb or paraquat + maneb for four weeks (Figure 4a ). We were unable to perform cell counts at six weeks as in Figure 2d due to the decrease in lifespan. Neither paraquat alone nor paraquat + maneb combined significantly reduced DA cells numbers relative to controls exposed to vehicle alone. By contrast, we observed significant loss of DA neurons in flies expressing E1 RNAi and exposed to maneb for four weeks (Figure 4a , One-way ANOVA, post-hoc Bonferroni, pvalue < 0.05). The magnitude of the loss was similar to that observed in wild type flies exposed to paraquat + maneb for six weeks (see Figure 2e) . To control for non-specific insertional effects of the transgenes, we similarly tested maneb exposure in flies containing either UAS-E1-RNAi alone or elav-Gal4 alone. We did not detect a loss of DA neurons under these conditions, consistent with the idea that the expression of E1 RNAi was specifically responsible for the observed cell loss (data not shown).
Inhibition of the proteasome does not appear to synergize with maneb
Conjugation to ubiquitin can have multiple effects including targeting of proteins to the proteasome or autophagosome, regulation of endocytosis, maintenance of synaptic function and alterations in mitochondrial dynamics (Chin et al., 2010 , DiAntonio et al., 2004 , Schapira, 2011 , Schmidt et al., 2014 . To test whether proteasome inhibition would mimic the neurotoxic effects of E1 ligase inhibition, we used two previously characterized dominant-negative proteasome subunits, Pros26 and Prosβ2 (Belote et al., 2002) . Both constructs are temperature sensitive and show inhibitory effects at the non-permissive temperature (30°C) but not at lower temperatures (e.g. 18°C) (Belote et al., 2002) . Flies constitutively expressing one copy of Ddc-Gal4 and each of the Pros subunits consistently died as 3rd instar larva (not shown). To circumvent the lethal effects of proteasome inhibition, cultures were maintained at 18°C throughout development and until 2-4 days post eclosion. The adult flies were then incubated at the non-permissive temperature (30°C) for four weeks in media containing DMSO control, paraquat, maneb, or paraquat + maneb (Figure 4b) . In contrast to the results obtained with E1 knockdown, we did not detect a loss of DA cells with proteasomal inhibition in combination with exposure to paraquat, maneb or paraquat + maneb (see Discussion).
Lack of aldehyde dehydrogenase does not synergize with paraquat and/or maneb
Another proposed mechanism by which pesticides such as ziram may increase neurotoxicity is through inhibition of aldehyde dehydrogenase (ALDH) (Fitzmaurice, 2012 , Fitzmaurice et al., 2013 , Shen, 2000 , Staub et al., 1998 , Staub et al., 1995 possibly via metabolism of toxic DA metabolites (Fitzmaurice et al., 2013 , Wey et al., 2012 . We therefore tested the potential neurotoxic effects of a previously identified mutation in the Drosophila ortholog of mammalian ALDH2 (Fry et al., 2006) . Drosophila Aldh null mutants show a reduced lifespan and increased sensitivity to ethanol (Fry et al., 2006) . However, we did not detect a DA cell loss at four weeks of age in the absence of additional toxins or in Aldh null flies exposed to paraquat and/or maneb (Figure 4c ).
Discussion
Idiopathic Parkinson's disease (PD) may require 'multiple-hits' and disruption of more than one molecular pathway, by either environmental exposure or genetic variation (Sulzer, 2007) . For example, in rodent models, the toxicity of paraquat to DA neurons is dramatically potentiated by maneb (Srivastava et al., 2012 , Thiruchelvam, 2000 . However, the mechanisms by which these and other agents interact remain obscure (Cicchetti et al., 2005 , Li et al., 2005 , Thiruchelvam, 2000 . To address this question we have developed a chronic exposure model for paraquat and maneb neurotoxicity in the fly. The ease of genetic manipulation in the fly and their short lifespan makes the fly the ideal model organism for studies of chronic neurodegenerative processes. Importantly, flies demonstrate the dopaminergic (DA) cell loss characteristic of PD both by transgenic expression of human PD genes or in the presence of environmental toxins (Lawal et al., 2010 , Ming, 2010 .
We report that exposure to either paraquat or paraquat and maneb combined results in significantly impaired climbing ability after only one week of exposure and an overall decline in survivorship. More importantly, we demonstrate that six-week exposure to the pesticides paraquat and maneb combined, but neither toxin alone, is associated with DA cell death in the fly. Although a precise comparison to human aging is impossible, the functional decline and proportion of average life span suggests that a 6 week old fly may be comparable to 65-70 year old human (Grotewiel et al., 2005) . Interestingly, we did not detect a difference in DA cell death at 4 weeks, which we estimate to be similar to late middle age in humans (Grotewiel et al., 2005 , Simon et al., 2006 . Prior studies of paraquat exposure in flies show DA cell loss with relatively high doses of paraquat administered in sucrose (Chaudhuri et al., 2007 , Lawal et al., 2010 ; however, in this paradigm flies die within four days of exposure and sucrose itself may be toxic under these conditions (Rzezniczak et al., 2011) . Importantly, pathological changes in PD patients usually manifest decades after exposure to high dose pesticide (Goldman, 2014) . We suggest that our model of chronic exposure may be useful to test the long-term effects of pesticides, and the mechanisms by which paraquat, maneb and other pesticides and genetic risk alleles may interact.
Here, we have focused on potential neurotoxic mechanisms previously proposed for ziram, a dithiocarbamate extensively used in the central valley of California and with annual national use approaching 2 million pounds (Shackleford, 2003) . In human populations, ziram exposure alone increases PD risk 37%; combined exposure to both paraquat and ziram increases risk further to 82%. Exposure to paraquat, maneb and ziram combined increases PD risk even further to 209% of controls (Wang et al., 2011) . The apparent interaction of ziram with paraquat and maneb in epidemiological studies suggests that they might also interact in model systems, but this possibility has not been tested. By extension, we speculate that the combined inhibition of multiple biochemical pathways by these pesticides might have synergistic effects, but this, too has not been tested.
Model systems such as Drosophila are useful for testing the effects of multiple environmental or genetic insults because of their low cost and short life span. In addition, model genetic systems offer the opportunity to explore in vivo the contribution of specific neurotoxic mechanisms of action through the use of genetic tools that mimic the proposed activities of specific pesticides. As shown here and in previous studies (Lawal et al., 2010) , ziram itself does not affect the survival, behavior, or DA cell counts in the fly. By contrast, ex vivo exposure of the fly nervous to ziram has robust effects on neuronal function in the fly (manuscript in preparation) that are similar to those seen in cultured mammalian neurons exposed to ziram (Rinetti et al., 2010) . We suspect that toxicokinetic issues such as limited absorption in the gut or restricted passage through the glial barrier which envelopes the fly brain may minimize the potential effects of ziram when administered via ingestion. We therefore used a genetic approach to target pathways proposed to be inhibited by ziram, based on studies of cultured mammalian cells (Chou et al., 2008 , Fitzmaurice, 2012 . This strategy allowed us to specifically test the impact of two proposed mechanisms of action while simultaneously avoiding potential confounds caused by toxicokinetic issues. We propose that this strategy might be generally useful to explore the toxicologic effects of other pesticides in vivo.
Ziram has been shown to inhibit aldehyde dehydrogenase (ALDH) in vitro and ALDH can detoxify DOPAL, a reactive byproduct of dopamine metabolism (Fitzmaurice et al., 2013) . We hypothesized that knockout of ALDH might be toxic to DA neurons and potentiate the affects of paraquat and/or maneb exposure. However, we did not detect any loss of DA neurons in flies lacking ALDH alone, nor do we observe any increase in cell loss in ALDH null flies exposed to paraquat and/or maneb for four weeks. Multiple isoforms of ALDH are present in both flies and humans, and their role in DA metabolism is poorly understood (Chakraborty et al., 2011 , Marchitti et al., 2007 . The mitochondrial ALDH2 and cytosolic ALDH1a1 are thought to be the primary isoforms responsible for DA breakdown in human cells, however, involvement of other ALDH isoforms has not been ruled out (Marchitti et al., 2007) . Similarly, the specific roles for particular isoforms of ALDH in the fly have not been fully elucidated (Chakraborty et al., 2011) . Therefore, our data must be interpreted with caution and further experiments will be needed to rule out a role for ALDH in neurotoxic processes in Drosophila.
Deregulation of the Ubiquitin Proteasome System (UPS) has been proposed as a possible pathogenic mechanism in both sporadic and genetic forms of PD (Olanow et al., 2006) , and multiple pesticides, including ziram, are known to inhibit components of the UPS (Wang et al., 2006) . Ziram specifically inhibits the E1 ligase (Chou et al., 2008) , the first enzyme of the biochemical cascade required for protein conjugation to ubiquitination (Kleiger et al., 2014) . To knockdown E1 expression, we expressed an RNAi transgene directed against the Drosophila E1 ligase. We then exposed flies with pan-neuronal expression of E1 RNAi to either paraquat, maneb, or both pesticides combined and assessed DA cell loss. In conjunction with E1 knock down, we observed significant DA cell loss at 4 weeks in flies exposed to maneb but not in other treatment groups. Decreased survival of flies expressing E1 RNAi prevented similar cell counts at the later 6 week time point used in experiments with wild type flies. It is interesting to note that we could detect DA cell loss by 4 weeks, approximately late middle age, in flies expressing a genetic susceptibility but not the wild type strain. These observations complement previous in vitro studies on the neurotoxic effects of E1 inhibition, and the proposed mechanism of action of ziram (Chou et al., 2008) . Our data suggest that E1 inhibition may show synergistic effects with other pesticides in in vivo. We speculate that these results may help to unravel the mechanisms by which these agents interact synergistically to increase the risk for PD in patients.
One downstream effect of E1 inhibition would be decreased targeting of proteins for proteasomal degradation. We therefore postulated that the interaction between E1 inhibition and maneb could result from a decrease in protein degradation via the proteasome. To test this hypothesis, we use temperature sensitive proteasomal subunits to directly inhibit the proteasome and exposed flies to maneb and/or paraquat. In contrast to E1 knockdown, we did not observe an interaction between direct proteasome inhibition and either paraquat or maneb. Our data are consistent with those obtained in vitro in which ziram failed to directly inhibit the activity of the proteasome (Chou et al., 2008) . Together, these studies raise the possibility that inhibition of E1 ligase is neurotoxic because of the disruption of ubiquitination-dependent processes other than protein degradation by the proteasome. These might include modifications of the aggresome-autophagy pathway, mitochondria fission and mitophagy, or alpha-synuclein aggregation (Beyer et al., 2013 , Chin et al., 2010 , Schapira, 2011 . Important caveats to this interpretation include the possibility that the inhibitory proteasome subunits were insufficiently active in our studies. Previous studies demonstrate the ability of these constructs have potent effects in a variety of tissues (Neuburger et al., 2006 , Schweisguth, 1999 . Their activity in our own studies is supported by the observation that expression in cuticle forming tissue was lethal (not shown), and that expression in neurons decreases degradation of a construct targeted to the proteasome. In spite of these observations, it remains possible that higher levels of expression would be required to detect neurotoxic effects in neurons. We also cannot exclude the possibility that other mitigating effects, such as the induction of heat shock (hs) proteins, obscured the effects of proteasome inhibition. Overexpression of hs proteins in adult flies provides neuroprotection against insults relevant to PD (Auluck et al., 2002 , Shukla et al., 2014 , and exposure to temperatures ≥ 34°C has been shown to significantly increase hs protein expression (Auluck et al., 2005) . Temperatures ≤ 30°C do not significantly elevate hs proteins expression in the fly (Auluck et al., 2005) and the maximum temperature used in our experiments was 30°C. Nonetheless, it remains possible that low levels of hs proteins were expressed and that the neuroprotective effects of hs proteins induction masked the neurotoxic effects of proteasome inhibition. Thus, we cannot yet definitively conclude that the neurotoxic effects of E1 inhibition occurred independently of the proteasome.
It remains unclear why chronic exposure to maneb alone increased lifespan. It is also unclear why we observed loss of DA neurons with E1 inhibition + maneb but not E1 inhibition + maneb and paraquat. It is possible that we simply failed to detect some toxic effects. However, in some cases, limited exposure to toxins can be protective against other insults (Calabrese, 2008) . Exposure to paraquat paradoxically increased the life span in C. elegans on a calorie restrictive diet (Schulz et al., 2007) . Paraquat also increased survival in flies expressing decreased levels of the PD-associated protein parkin (Bonilla-Ramirez et al., 2013) . A similar phenomenon may have occurred under some of the conditions used in our studies.
Conclusions
In the 'multiple-hit' model of sporadic PD, inhibition of at two least pathways are hypothesized to be necessary for pathogenesis and the apparent lack of individual risk factors to cause disease (Sulzer, 2007) . However, multiple genetic and environmental risk factors have been identified and it remains unclear which combinations may be most relevant. We have shown that under the chronic exposure conditions used here, paraquat and maneb combined, but neither paraquat nor maneb alone, cause DA cell loss at six weeks. We have further exploited this chronic exposure paradigm to show synergistic effects of maneb and ubiquitin E1 ligase inhibition. The interactions we observe may be relevant to human populations at risk for PD.
Highlights
We report a Drosophila model of chronic pesticide exposure relevant to Parkinson's disease (PD).
We have used this model to demonstrate a neurotoxic interaction between: 1) paraquat and maneb, and 2) between maneb and inhibition of ubiquitin E1 ligase.
These interactions may be relevant to pathophysiologic mechanisms of PD that involve multiple neurotoxic insults. a) Survival curves of male wild type (CS) Drosophila exposed to 0, 4, 6, or 8 mM paraquat for 28 days. Only the 0 and 4mM groups showed survivors at 28 days. Survival (b) and climbing ability (c) were assessed for male Drosophila aged on standard media containing either 1% DMSO, 4 mM paraquat (indicated as "PQ"), 500 μM maneb (MB), or 4 mM paraquat plus 500 μM maneb (PQ+MB). All paraquat dose groups showed survival significantly lower than DMSO treatment alone (log-rank test with Bonferroni multiplecomparison correction, ***p < 0.001). b) Flies exposed to paraquat or paraquat plus maneb showed decreased survival versus DMSO control (log-rank test with Bonferroni multiplecomparison correction, **p < 0.005); maneb alone increased survival. c) Flies exposed to paraquat or paraquat + maneb both showed a significantly decreased climbing ability, Male flies were incubated on standard media containing DMSO 1%, paraquat 4 mM, maneb 500 μM, ziram 1mM, paraquat 4 mM plus maneb 500 μM, or paraquat 4mM plus maneb 500 μM plus ziram 1mM for four (d) or six weeks (a-c, e, f). a) One half of a bilaterally symmetric wild type, adult fly brain is shown labeled with anti-tyrosine hydroxylase antibody. The PPL1 cluster is highlighted. Dopaminergic neurons of the PPL1 cluster after six weeks of exposure to either DMSO control (b) or 4mM paraquat (PQ) plus 500 μM maneb (MB) (these representative images show 12 and 8 neurons, respectively) (c). Scale bars: a, 20 microns; b, c, 10 microns. d) No significant change in the number of dopaminergic neurons in PPL1 were observed with any pesticide treatment after four weeks of exposure (One-way ANOVA, p > 0.05, n = 10-13 brains and 19-25 PPL1 clusters total per treatment). e) Flies treated with both paraquat and maneb for six weeks show a significant loss of dopaminergic neurons (One-way ANOVA p < 0.005, Bonferroni; posthoc *p < 0.05; n = 16-22 brains and 28-37 PPL1 clusters total per treatment). f) As in b, exposure to paraquat + maneb resulted in a significant loss of DA cells at 6 weeks. The addition of ziram (ZM) to paraquat + maneb treatment did not result in a further increase in cell loss. Ziram treatment alone did not differ from vehicle controls (DMSO, One-way a) Four week pesticide exposure in E1 RNAi expressing flies results in significantly lower dopaminergic neuron counts for maneb treated groups versus DMSO control (One-way ANOVA p < 0.05, Bonferroni post-hoc; *p < 0.05; n = 11-20 brains and 19-38 PPL1 clusters total per treatment). b) Genetic inhibition of the Pros26 and Pros β2 proteasomal subunits in dopaminergic cells did not show an interaction with any of the indicated pesticide treatments (One-way ANOVA p > 0.05; n = 9-20 brains and 15-38 PPL1 clusters total per treatment). c) Aldehyde dehydrogenase null flies exposed to DMSO 1%, paraquat 4 mM, maneb 500 μM, or paraquat 4 mM plus maneb 500 μM did not show a detectable interaction (One-way ANOVA p > 0.05; n = 6-8 brains and 10-14 PPL1 clusters total, per treatment).
